We have designed a system in which to test gene transfer
Introduction network of cells which is almost two dimensional, partiThe enteric nervous system in its entirety forms a remarkcularly when the gut is distended. 1, 6 At postnatal day 2 ably vast and distributed neuronal network, which can (P2) the migration of neurons into the gut is complete be accessed and probed without the physical barriers that and they are present at a concentration of 84 345 neurons protect the central nervous system. 1 ,2 Viral vectors per cm 2 in the small intestine which is almost seven times derived from recombinant herpes simplex and adentheir concentration in the adult rat. 6 Rodent enteric neuovirus have been shown to deliver genes into various rons have the capacity to divide until 1 month after types of post-mitotic neurons both of the central and perbirth. 7 Also at this age, the enteric neurons have yet to ipheral nervous system. The characteristics of gene transaggregate into the well-defined ganglia of the myenteric fer are particular to each delivery system, both displaying plexus and form their intimate relationships with enteric advantages and disadvantages. However, in vitro both interstitial (glial) cells. At this stage the outer longitudinal are able to transduce large numbers of cells and achieve muscle layer is approximately 25 m thick and comprises high levels of expression of transgenes (see Refs 3-5 for smooth muscle cells separated by large extracellular reviews).
spaces, a fact that was thought would facilitate infection The arrangement of enteric neurons in both the myenfrom the serosal surface. The enteric nervous system constitutes a convenient system in which to study the effect of neurotrophins (eg immune system, determine the target cells that can be of NADPH diaphorase ( Figure 1A ) and specific immunocytochemical markers (immunocytochemical detecion of transduced in an intact organ culture system, and in future studies evaluate the interactions between neurons PGP9.5 5 ) to demonstrate the location, numbers, and distribution of enteric neurons. The different techniques and their postsynaptic targets using as intact a system as possible. To do so, however, we first determined which revealed neurons and processes in the gut wall, their largest dimensions ranging between 11.0-15.0 m vectors would allow gene delivery into neurons. We decided to explore the usefulness of the neonatal small ( Figure 1 ). Following infection with HSV1-tsK/␤-gal (at a concenintestine, which provides both an intrinsic neuronal system, and their postsynaptic targets, the smooth muscle tration of 3 × 10 6 p.f.u. per ml or higher), neuron-like cells immunoreactive for ␤-gal could be seen situated in cells of the gut wall.
In this study, we have set up and characterized an in groups between the circular and longitudinal muscle layers corresponding to the position of the myenteric plexus vitro gut organ culture system, and shown that vectors derived from HSV1, [10] [11] [12] and adenovirus 13, 14 can be used (Figure 2A-J) . In addition a smaller number of immunolabelled cells and processes were seen on the luminal side to deliver genes to the gut. Importantly, we have made the unexpected observation that most infected cells of the circular muscle layer, at the base of the submucosa, eg within the submucosal plexus ( Figure 2G-H) . expressing the transgene ␤-gal after infection with HSV1-tsK/␤-gal were neurons, while adenovirus-derived vecBy using confocal microscopy, fluorescently labelled processes issuing from both sets of immunolabelled cells tors only expressed transgenes in non-neuronal cells.
could be followed into the circular muscle layer ( Figure  2G -H). Immunolabelled cells appeared to be of a single
Results morphological type. The nuclei were large and these cells had a thin cytoplasm, and some gave rise to short projecCells expressing ␤-gal following infection with HSV1-tions resembling axons or dendrites ( Figure 2E , G, H). No tsK/␤-gal, RAd35 and RAd122 detected using smooth muscle cells appeared to have expressed ␤-gal immunohistochemistry or X-gal histochemistry after infection with HSV1-tsK/␤-gal. The distribution of The normal structural arrangement of cells and neurons labelled cells was very similar to the distribution of those in the neonatal gut wall is shown in Figure 1 , using classineurons immunolabelled with antibodies against the cal histological stains ( Figure 1B ), histochemical detection neuronal marker PGP9.5 ( Figure 1C ), or expressing NADPH-diaphorase activity ( Figure 1A ). The colour precipitate resulting from the X-gal histochemical reaction is a blue, granular, reaction product which completely filled the cytoplasm of cells expressing the transgene ␤-galactosidase. The majority of the infected cells were found below the external longitudinal muscle layer corresponding to the position of the myentsurrounding most cells probably reflects the immature characteristics of these neurons at this stage of developeric plexus but a few were seen in the submucosal plexus. Axonal processes could be seen extending over short disment. 1, 6 The distribution of neurons in adjacent sections were also immunostained with the neuronal markers tances and at high magnification were seen to be varicose and often in close apposition to other X-gal labelled cells.
images of infected rat small arrows). (B) shows a haematoxylin and eosin-stained section from the same material, where the orientation of both muscle layers can be recogintestine are shown in (G-J). The outer edge of the small intestine in all images is located towards the lower left corner of the Figure, and in (I), nized, and neurons can be identified as groups of larger cells interspersed between the layers of muscle (these are indicated by long fine straight the large white arrow indicates the direction from which the viral vector would have entered the tissue from the tissue culture medium. The (x) black arrows). (C) shows a section from the same material immunostained with antibodies against PGP 9.5 which immunostains gut neurons. Notice indicates the non-labelled muscle layers (the inner circular layer in (G) and (H), and the outer and inner muscle layers in (I) and (J)), and the the similar arrangements of labelled cells as in our infected
PGP9.5 17 and NADPH-diaphorase, 18, 19 and compared with the distribution of immunolabelled cells expressing Results obtained with X-gal histochemistry were identical to those obtained by immunohistochemistry and are thus virally transduced ␤-galactosidase. While it is unclear why mostly neurons were infected not illustrated.
Following the infection with RAd35 (at a concentration by HSV1-tsK, and/or expressed ␤-gal after their infection with this viral vector, it ought not to be surprising in of 5 × 10 6 p.f.u./ml or higher) or RAd122 (at a concentration of 5 × 10 7 p.f.u./ml or higher) a strong X-gal histoview of the fact that neuronal pathways can be followed after the direct injection of herpes viruses into different chemical reaction was detected. Examination of the tissue under the light microscope revealed the presence of a parts of the gastrointestinal tract. 20,21 Also, striated muscle cells have been shown previously to express layer of cells displaying dense reaction product underlying the serosal layer, but no cells expressing ␤-gal were transgenes after being infected with recombinant herpes viruses, and the transduction of smooth muscle cells from found throughout the thickness of the gut wall.
the bladder with HSV-1 vectors has also been reported. 22, 23 Furthermore, neonatal skeletal muscle infecDouble labelling immunohistochemistry to determine the phenotype of cells infected with herpes simplex or tion led to a very high number of infected cells expressing ␤-gal, while only very few cells expressed ␤-gal after adenovirus-derived vectors The cell type characterisation of cells expressing ␤-gal foladult skeletal muscle had been infected. 22 Several factors could account for this difference, including the developlowing infection with HSV1-tsK/␤-gal was done performing a double labelling immunohistochemistry, using ment of the extracellular space making the intramuscular migration of viral particles more difficult. 24 Also, develantineurofilament antibodies to identify neurons, and anti␤-gal antibodies to detect infected cells expressing the opmental changes in the content and characteristics of extracellular matrix proteoglycans, some of which are lacZ transgene. Following infection with HSV1-tsK/␤-gal the vast majority of ␤-gal immunoreactive cells contained known to interact with HSV1, could influence the amount of virus to which the cells are ultimately exposed. Alterneurofilaments, and were thus considered to be neurons ( Figure 3A-C) .
natively, the rate of infection of individual cells might be much lower, but due to the possible existence of gap A completely different pattern of immunostaining was seen after infection with RAd35 ( Figure 3D-F) and junctions, the enzyme ␤-gal might be able to diffuse from one cell to the other. However, it is unclear whether the RAd122 (Figure 3G-I) . Most infected cells were located underneath the serosal layer, and appeared to be within enzyme ␤-gal could be transported from one infected cell to another through gap junctions. the external longitudinal muscle layer. While the overall expression of ␤-gal appeared to be higher after infection Thus, the neuronal target preference of HSV1-tsK-␤-gal compared with the recombinant adenovirus vectors with RAd derived vectors, neurons never expressed ␤-gal ( Figure 3D-I) .
remains unexplained. Any of the reasons enumerated above, such as the composition of the extracellular matrix, or other physical barriers present in the gut wall,
Discussion
do not offer much insight, given that the HSV1 virion (120-150 nm diameter) is actually physically larger than We have developed an in vitro system of the neonatal small intestine to evaluate: (1) the efficiency of gene adenoviral particles (60-80 nm diameter). Also, HSV1 is known to bind extracellular space proteoglycans, making transfer into different target cell types; and (2) the effects of viral vector infection on the development and function it difficult to understand why HSV1 is able to diffuse further into the gut wall compared with the RAd vectors. of a complex, and anatomically intact, neuromuscular network. Our experiments demonstrate that a HSV1-Alternatively, it could be that although HSV1-tsK can infect other cells, it is limited in the expression of its viral tsK/␤-gal was effective in delivering a transgene to gut neurons, while infection with adenovirus gene transfer genome in these cells. Similar results have been found during infections of the brain in vivo with another herpes vectors (RAd 122 and RAd35) only led to the expression of the transgene in non-neuronal cells. 13, 15 virus, namely pseudorabies virus. In this case, viral particles were found in astrocytes, in which no production Neonatal gut was used, since fetal and neonatal tissues, especially neurons, have a higher survival rate in organ of new viral particles nor evidence of a full lytic cycle was encountered. Furthermore, we have recently culture in which the diffusion of oxygen from the medium depends on the constitution of the extracellular described cell type-specific expression from RAd-derived vectors in brain cell cultures. 13 Whether any cell type-spematrix. Also, a previous report utilizing retrovirus only achieved a very low efficiency transduction of presumcific expression is being observed after the infection of the neonatal gut, remains to be thoroughly examined. ably epithelial gut cells, with no neurons reportedly being transduced. 1, 6 The reason underlying this difference in the response to HSV1 vector infection between striated versus smooth Interestingly, most transduced cells after infection with HSV1-tsK, but not following infection with either RAd35 muscle remains to be determined. Cells must obviously be alive at the time of transduction and during the duror RAd122, appeared to be neurons, judged by their morphological appearance, their location within the wall of ation of the experiment. The fact that neurons express ␤-gal, in view of the relatively short half life of ␤-gal, means the small intestine, and double-labelling immunocytochemistry using neuronal specific antibodies recognizing that they certainly were alive at the time of infection and fixation. We thus feel it is unlikely that muscle cells did neurofilaments. 1, 6 The small amount of cytoplasm
Figure 3 The immunocytochemical identification of virally transduced cells is demonstrated in this Figure. Images shown in (A-C) are taken from small intestine infected with HSV1-tsK-␤-gal, (D-F) from small intestine infected RAd35; and (G-I) are from RAd122-infected tissue. The left column shows the result of immunostaining the sections with ␤-gal antibodies, the middle column shows the distribution of neurons revealed with neurofilament antibodies, and the right column shows the phase contrast image of the tissue. All images were taken and processed by the Improvision, OpenLab software. Thus, (A-C) demonstrates neurons (indicated by straight arrows in (B) and (A)) expressing ␤-gal after infection with HSV1-tsK-␤-gal, while another neuron not expressing ␤-gal is indicated by an arrow outline. (D-I) reveal that no neurons (some are indicated with open arrow outlines) express ␤-gal after infection with either RAd35 or RAd122. From the subserosal location of ␤-gal expressing cells after infection with recombinant adenovirus, we conclude that most likely these are muscle cells.
not express ␤-gal because of a compromise of their metawhich has nevertheless been reported by Gesser et al. 16 This difference could be related to the maturity of the bolic status, given that neuronal cells are much more sensitive to environmental conditions than are smooth enteric innervation of the mucosal layer, which is the postulated uptake site for luminally innoculated virus, 20,25 or muscle cells, and the fact that ␤-gal expression was observed in muscle cells infected with the adenovirus the integrity of the epithelium at the time of infection. Also, after direct injection of pseudorabies vectors (a hervectors.
The transgene ␤-gal also diffused into the cells' propes virus) into the gut wall, evidence of gross local inflammation, or expression of viral or marker genes at cesses, since many labelled neuronal extensions could be seen in the infected gut. Since neurons in both the exterthe site of injection in the stomach wall was not observed (Lynn Enquist, personal communication). nal myenteric plexus, and the internal submucosal plexus were infected, it demonstrates that the vector was able to Thus, we have shown that the neonatal gut in vitro organ culture model is very useful to determine the effidiffuse through the thickness of both the longitudinal and circular muscle layers, without infecting (or expresscacy of gene transfer into different populations of target cells. This system should allow us to study the effect of ing any transgene) in muscle cells. Importantly, we did not see mucosal expression of ␤-gal, which was also not viral vector transgene expression on gut differentiation and function in the future. Also, this paper sets the backobserved after intraluminal inoculation with HSV1 virus in vivo.
20 Furthermore, we were not able to show labelling ground for further examining the characteristics of gene transfer into the gut in vivo. of neurons after in vitro luminal inoculation of the virus, The intestine was stripped of the surrounding mesentery,
Materials and methods
flushed with tissue culture medium (500 ml Dulbecco's modification of Eagle's medium, Sigma (Dorset, UK); Tissue culture and virus infections Following death, the small intestine was aseptically 10% horse serum, APP (West Midlands, UK); 5% newborn calf serum, Sigma; 2 mm glutamine, Sigma; 1% nonremoved from Sprague-Dawley rats 2 days after birth. essential amino acids, Sigma; penicillin 50 U/ml, streptoondary antibody -Texas Red-conjugated goat anti-rabbit IgG, (Jackson Laboratories, Stratech Scientific, Bedfordmycin 50 g/ml, Sigma) and cut into strips of 4-8 mm and allowed to recover in fresh culture medium for shire, UK), 1:50 to 1:100 for 2 h at room temperature. For the double immunocytochemical experiments, approximately 30 min.
The following viral vectors were used: (1) HSV1-tsKsections were incubated simultaneously with mouse monoclonal antibodies anti-160 kDa neurofilaments ␤-gal (an HSV1-derived vector containing a temperaturesensitive mutation in the IE3 gene encoding the transcrip-(Boehringer Mannheim, Lewes, UK) 1:3, and rabbit polyclonal antiserum anti-␤-gal, 1:500, overnight at 4°C. Antitional activator ICP4, and which is functionally inactive at the nonpermissive temperature of 38.5°C, but can repneurofilament antibodies were detected using Texas Redconjugated affinity pure donkey anti-mouse antibodies, licate at 31°C, and previously described in detail in Lowenstein et al 1994 10 and illustrated in Figure 4a ) was (Jackson Immuno Research) 1:50, and the rabbit polyclonal anti-␤-gal antibodies were recognized using fluoradded to the organ cultures at a final viral vector concentration of 1 × 10 6 p.f.u./ml, 3 × 10 6 p.f.u./ml, and 6 × 10 6 escein-conjugated donkey anti-rabbit antibodies, (Jackson Immuno Research) 1:50, both incubated for 1 h at room p.f.u./ml; (2) RAd35, described in detail in Refs 13 and 14 (a E1 − /E3 − replication-deficient adenovirus vector temperature. Unbound secondary antibodies were thoroughly washed off, and the sections mounted in a solexpressing the lacZ gene under the control of a truncated human cytomegalovirus major immediate-early (HCMV ution of 10% Mowiol, Calbiochem (Nottingham, UK); 25% glycerol; in 50 mm Tris buffer pH 8.5. Sections were major IE) promoter, inserted into the E1 region; illustrated in Figure 4b ) was used at final vector concentration studied using either an Olympus Vanox photomicroscope (Olympus, Tokyo, Japan) coupled to an Improof 5 × 10 6 p.f.u./ml, 5 × 10 7 p.f.u./ml, and 2.5 × 10 8 p.f.u./ml; and (3) RAd122, described in detail in Refs 13 vision Image Analysis System and processed using Openlab software on a PowerMacintosh 7600/120 (Macintosh, and 14 (an E1 − /E3 − replication-deficient adenovirus vector expressing the lacZ gene under the control of the Rous Cupertino, CA, USA), or a Molecular Dynamics Sarastro 2000 argon laser confocal microscope with ImageSpace sarcoma virus long terminal repeat (RSV LTR), inserted into the E1 region; illustrated in Figure 4b ) was used at software (Molecular Dynamics, Chesham, UK). [10] [11] [12] final vector concentration of 5 × 10 6 p.f.u./ml, 5 × 10 7 NADPH-diaphorase histochemistry p.f.u./ml and 2.5 × 10 8 p.f.u./ml. The tissue was then Transverse cryosections (10 m) of the gut were incuincubated for 2 days at 37.5°C; longer times were also bated in the following medium for 60 min at 37°C in the tested, but the organ culture tended to degenerate and dark with constant, gentle agitation: nicotinamide adenthe tissue became unusable after longer than 48 h incuine dinucleotide phosphate, reduced form (Sigma) 0.1 bations in vitro. Following the 48 h incubation the tissue mg/ml, nitroblue tetrazolium (Sigma) 0.5 mg/ml, 0.2% was washed in phosphate-buffered saline (PBS) pH 7. 4 Triton X-100 in 100 mm sodium phosphate buffer, pH 7.4. and fixed in 4% paraformaldehyde in PBS, containing
The reaction was stopped by immersing the sections in 0.12 m sucrose, for 2 h at 4°C. A total of 15 experiments ice-cold buffer and mounting in Aquamount.
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was conducted.
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